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Richard E. Diebel III 
ABSTRACT 
Pretreated silica gels with distinct silica surfaces containing either 
isolated silanols, vicinal silanols, siloxanes, or some combinations of the 
three , were reacted with several organometallic compounds to determine 
how each compound reacted with the different silica surface species. The 
organometallic compounds used were trimethylaluminum , 
triethylaluminum, diethylaluminum chloride, ethylaluminum dichloride, 
methylaluminoxane, 
dimethyl zirconium. 
dibutylmagnesium, and bis-cyclopentadienyl 
These reacted silica gels were analyzed usmg diffuse reflectance 
infrared Fourier transform spectroscopy and ICP-AES elemental analysis. 
CH/Metal ratios were calculated using specific peaks in the IR spectra to 
elucidate the surface bonded species. Elemental analysis was used to 
determine how much metal was bonded to each silica gel surface. 
Elemental analysis showed that under the conditions studied all of 
the compounds had reactivities with respect to the four silica gel surfaces 
following the order of bare silica > 600°C silica > HMDS silica > 
600°C/HMDS silica. All of the compounds, with the exception of 
dimethylzirconocene (which only reacts appreciably with isolated 
silanols), react with both isolated and vicinal silanols, and appear to react 
significantly with the siloxane groups. 
Based on CH/Metal ratios, all compounds are believed to react with 
isolated silanols forming singly bonded surface structures. Most of the 
compounds also appear to form bridged surface species after reaction with 
vicinal silanols. EADC, however, is believed to react with each silanol in 
a hydrogen bonded silanol pair, yielding two dichloroaluminum surface 
groups. Most of the compounds also seem to react appreciably with 
siloxanes, resulting in siloxane bond cleavage. The theoretical CH/Metal 
ratios for each compound were calculated to follow the order of 
600°C/HMDS silica > 600°C silica > bare silica > HMDS silica. There 
were some differences between the theoretical and experimental ratio 
orders but, in most cases they were comparable. 
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CHAPTER I 
INTRODUCTION AND BACKGROUND 
1.1 Introduction 
The wide variety of applications for silica gel is made possible by 
the reactive nature of the silica surface structures, mainly the silanol 
groups (Si-OH). The silica surface can be chemically modified by 
specific compounds to give distinct physical and chemical properties. 
Chemically modified silica surfaces are used for such diverse purposes as 
the immobilization of enzymes , stationary phases in chromatography 
columns, and heterogeneous polymerization catalysis. Silica surface 
chemistry and how it applies to polymerization catalysis is the main focus 
of this thesis. 
1.2 The Silica Gel Surface 
The bulk of silica gel is comprised of interlinked S i04 tetrahedra. 
These tetrahedra terminate at the surface to form siloxane groups (Si-0-
S i) and silanol groups (Si-OH) (1). Figure 1 depicts the different 
structures found on the silica surface. The si lanol groups are generally 
considered the main reactive structures and they exist in different forms. 
The non-hydrogen bonded (free or isolated) silanols (Fig. 1 A) exist at a 
far enough distance away from other silanols to avoid hydrogen bonding . 
The hydrogen bonded (vicinal or bridged) silanols (Fig. 1 B) are close 
enough to each other to engage in varying degrees of hydrogen bonding. 
Geminal silanols (Fig. ID) consist of two hydroxyl groups attached to one 
silicon atom. The geminal hydroxyls are too close to each other to engage 
in hydrogen bonding (2). The reason for this inability is due to the large 
angle strain that would result during hydrogen bonding. Geminols are 
therefore considered another type of "free" silanol. All free silanols 
(isolated and geminal silanols) are considered essentially mono-energetic 
(3 ), which means they have identical reactivities. Geminols are difficult 
to distinguish spectroscopically. In infrared spectroscopy, the isolated 
silanol peak (- 3 7 45 cm- 1) is believed to be comprised of both the geminal 
and isolated stretching vibrations ( 4-6) and are thus convoluted. 1H-NMR 
also appears to be incapable of differentiating between the two species 
(7), but 29 Si-NMR does show a distinct band at -92 ppm which is assigned 
to the geminal silanols (8). It is generally believed that geminal silanols 
make up about 15-20% of the overall silanol number on most silica gels. 
Due to the problem of differentiating geminols from isolated silanols 
using FTIR spectroscopy and the mono-energetic nature of the two , 
geminols will not be considered further. 
Isolated and vicinal silanols differ in their degree of reactivity , 
with isolated silanols being more reactive than their vicinal counterparts . 
The siloxane groups (Fig. 1 C) are generally considered the least reactive 
of the surface structures, but recent work (including this thesis) suggests 
that the si loxanes react significantly with some organoaluminum and 
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organomagnesium compounds under certain conditions. Siloxanes exhibit 
little, if any, reactivity toward many metallocenes, such as titanocene 
dichloride (Cp2 TiCh, Cp = cyclopentadienyl group) and zirconocene 
dichloride (Cp2ZrCh) (9) , while other compounds, like dibutylmagnesium 
(Mg(C4H9)2) and trimethylaluminum appear to chemically bond to at least 
some siloxane species. 
1.3 Pretreatment of Silica Gels 
Silica gel can be pretreated to control the relative amounts of 
isolated and vicinal silanols available for subsequent reaction with 
various compounds, such as metal alkyls, transition metal chlorides, and 
metallocenes ( 10). Figure 2 illustrates the four different types of silica 
gel surfaces utilized during this study. Bare silica is unmodified, 
therefore it has a surface consisting of both isolated and vicinal silanols, 
along with siloxane groups (Fig. 2A). 
One method of pretreatment involves heating the silica gel to a 
specified temperature. Exactly what processes occur on the silica surface 
is a function of pretreatment temperature. Heating the silica to 150-
2500C effectively removes the physisorbed water that interacts with the 
silanols via hydrogen bonding, resulting in a "dry" silica. The removal of 
adsorbed water from the silica surface is known as dehydration (See Fig. 
3A), not to be confused with dehydroxylation, which will be discussed 
next. Heating bare silica to 600°C condenses all vicinal silanols, leaving 
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the isolated silanols intact (Fig 2B). The condensation of the silanols, 
resulting in one water molecule being removed per two silanols and 
leaving behind a si loxane bond, is referred to as dehydroxylation (See 
Fig. 3B). Heating the silica beyond 600°C causes the iso lated silanols to 
begin condensing. Temperatures above 1200°C are necessary to remove 
all si lanol s ( 11 ). The reason behind the condensing order of the silanols 
is intuitively apparent. Vicinal silanols are in close proximity to each 
other, therefore they condense first. Isolated s ilanols need to migrate 
before they can condense, which requires higher temperatures. 
Another pretreatment method involves reacting silica gel with an 
organosilane, such as hexamethyldisilazane (HMDS) (NH(SiMe3)2). 
HMDS reacts primarily with isolated silanols, replacing the hydrogen 
atom with a trimethylsilyl group (Fig. 2C) (3) . One HMDS molecule will 
react with two isolated silanols, re leasing a molecule of ammonia in the 
process. The release of ammonia in the HMDS reaction is important, for 
it acts as a catalyst, increasing the reaction rate several orders of 
magnitude. If the organosilane to be used does not contain an amine 
functional group, such as trimethylchlorosilane (TMCS ), then an amine 
frequently has to be added. When 600°C silica gel i s further modified 
with HMDS , the resulting silica surface is devoid of both vicinal and 
isolated si lanols (Fig. 2D). 
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1.4 Infrared Analysis of the Silica Surface 
The silica surface has been analyzed using a wide variety of 
techniques, including X-Ray Photoelectron Spectroscopy (XPS) ( 12), 
Nuclear Magnetic Resonance Spectroscopy (NMR) ( 13-16), Mass 
Spectrometry (MS) (17, 18), and Fourier Transform Infrared Spectroscopy 
(FTIR) ( 10, 12-14, 17-23 ). Infra red spectroscopy can easily differentiate 
between isolated and vicinal silanol groups. Looking at the IR spectrum 
of bare silica (Fig. 4 ), three peaks can be seen in the 0-H stretching 
region between 3800 and 3200 cm· 1• The sharp, narrow peak at -3745 cm· 
1 is attributed to the isolated silanols. The broad region between 3700 and 
3200 cm· 1 represents the vicinal silanols and their differing degree s of 
hydrogen bonding. The higher the wavenumber, the weaker the hydrogen 
bonding between the vicinal silanols. This information makes assigning 
the two unresolved peaks in this region relatively straightforward. The 
broad peak at -3660 cm· 1 is a result of weakly hydrogen bonded vicinal 
silanols, while the broad peak at -3 540 cm· 1 is from strongly hydrogen 
bonded vicinal silanols. 
The peak centered at - 1860 cm· 1 is a siloxane combination band. 
The size of this peak is in direct relation to the amount of silica gel in the 
infrared beam during scanning and is unaffected by the different 
treatments (24-26). For this reason, the siloxane peak is used as an 
internal standard, which will be discussed in detail later. A siloxane 
overtone band is also present at -1 620 cm· 1• Another distinct peak 
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sometimes seen on the IR spectra of the silica gels exists at - 2350 cm· 1 
and is attributed to the stretching mode of carbon dioxide. It is an 
indication of the difference in C02 concentrations inside the spectrometer 
when the reference and sample scans were taken and is not used for any 
analytical purposes. 
The IR spectra of the pretreated silica gels illustrate the type s of 
si lanols found on each silica surface as described earlier. The spectrum 
of 600°C silica (Fig. 5) contains the sharp isolated si lanol peak, while the 
broad vicinal silanol peaks have disappeared. The spectrum of HMDS 
silica (Fig. 6) shows the opposite situation. The isolated silanol peak is 
absent, while the vicinal silanol peaks have remained intact. The 
trimethylsilyl (TMS) groups can also be detected as indicated by the two 
peaks found in the C-H stretching region between 3000 and 2800 cm· 1. 
The sharp , intense TMS peak is located at - 2960 cm· 1, whi le the small 
TMS peak is found at - 2906 cm· 1• Finally, the spectrum of 600°C/HMDS 
silica (Fig. 7) shows an almost total removal of both isolated and vicinal 
silanol peaks in addition to the appearance of the trimethylsilyl peaks. 
1.5 Diffuse Reflectance Technique 
The diffuse reflectance sampling technique 1s very useful when 
trying to obtain infrared spectra of high surface area powders such as 
silica gels (27 ,28). Diffuse reflectance is the reflectance of 
electromagnetic radiation from dull surfaces (powders), while regular 
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reflection is the reflection from shiny, smooth surfaces. Since the beam 
reflects off the surface of particles in diffuse reflectance rather than 
passing through the entire sample as in transmission spectroscopy, diffuse 
reflectance is much more sensitive to the surface species, rather than the 
bulk groups. 
The Kubelka-Munk theory is often used to analyze diffuse 
reflectance spectra. As long as certain experimental precautions are 
taken, both qualitative and quantitative information can be obtained from 
samples using this theory. To help eliminate or reduce spectral 
distortions caused by high absorptivities, the sample is diluted with a non-
absorbing matrix, such as KCl or KBr. The sample must be thoroughly 
mixed with the non-absorbing matrix in a specific wt/wt dispersion 
(usually 2-1 5% ). In the case of the silica samples, the diffuse reflectance 
spectra were taken using a 10% wt/wt dispersion of the silica sample in 
KCI. 
Qualitative information can be readily obtained from the reflectance 
spectrum, but to get useful quantitative information the reflectance 
spectrum needs to be converted into Kubeika-Munk units using the 
Kubeika-Munk equation: 
/(Rco) = (1 - Rco)2/2Rco = K/S = 2.303EC/S 
where /(Rco) is the Kubeika-Munk function, Rco is the relative reflectance, 
K is the absorption coefficient, S is twice the scattering coefficient of the 
sample , E is the absorptivity, and C is the analyte concentration. This 
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conversion is effectively performed by most spectroscopic software. To 
ensure a linear relationship between concentration and /(Rao), considerable 
care must be taken to maintain constant packing density and sample 
particle size. As long as the same procedures are followed for both 
grinding and packing, this task can be easily accomplished. 
An important decision to be made when considering diffuse 
reflectance spectroscopy is the type of detector to be utilized. Only a 
small fraction of energy emitted from the source ever reaches the 
detector, therefore a detector of high sensitivity is required. If a high 
sensitivity detector is not implemented, the resulting spectra will most 
likely display an appreciable reduction in the S/N ratio. A liquid nitrogen 
cooled mercury-cadmium-telluride (MCT) detector is an ideal choice for 
diffuse reflectance work. 
1.6 Polymerization Catalysts 
Silica gel is an extensively used solid support for olefin 
polymerization catalysts. These silica supported catalysts combine 
advantages inherent in both heterogeneous and homogeneous catalysts. 
They possess the activity and selectivity of homogeneous catalysts rn 
addition to the easy separation capabilities of heterogeneous catalysts. In 
many industrial processes, these silica supported catalysts are so efficient 
that they do not need to be separated from the polymer after production. 
This high efficiency enables a small amount of catalyst to produce an 
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extremely large amount of polymer, leaving only traces of catalyst 
intermixed with the polymer. In addition, the si lica supported catalyst is 
broken down from micrometer to nanometer size particles during polymer 
production. Coupling the high efficiency with the reduction in particle 
size allows for the elimination of the separation step. Another advantage 
of silica supports is their inherent chemical sturdiness , which enables 
them to withstand harsh solvent and temperature conditions (29). 
1.6.1 Ziegler-N atta Catalysts 
The Ziegler-Natta catalyst is a unique and highly versatile type of 
heterogeneous polymerization catalyst. It is primarily used for the 
polymerization of dienes, such as butadiene and 1,5-hexadiene, and 
olefins, such as ethylene and propylene. The Ziegler-Natta catalyst 1s a 
mixture of a base metal alkyl of groups I to III and of a transition metal 
salt of groups IV to VIII (30). For example, the mixture of AlEt3 and 
TiC1 4 is used to polymerize ethylene. Some combinations will only work 
under certain conditions, while others are completely ineffective. The 
type of metal alkyl is very important in determining the activity of the 
Ziegler-Natta catalyst. Magnesium alkyls, such as dibutylmagne sium 
(DBM), are known to greatly increase catalyst activity ( 19,31 ). Ziegler-
N atta catalysts can be used unsupported, but using a high surface area 
support such as silica gel also tends to increase the activity of these 
catalysts. In crystalline form , only the active centers at the surface of a 
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unsupported catalyst are available to polymerize olefins, the rest of the 
active centers contained within the bulk are not utilized. A silica 
supported catalyst, on the other hand, has all of the active centers 
arranged on the surface, and since silica gel is a high surface area 
material, there are many sites open to polymerization. These silica 
supported Ziegler-N atta catalysts are usually designed by reacting the 
metal alkyl with the silica gel before adding the transition metal salt, 
although some catalysts are produced following the opposite process. In 
some cases, aluminum alkyls are added last by placing them directly in 
the reactor along with ethylene or butadiene, allowing the catalyst to form 
during the process. 
1.6.2 Metallocene Catalysts 
Metallocenes, such as zirconocene dichloride, are highly active 
homogeneous olefin polymerization catalysts (32-39). Group IV 
metallocenes were first synthesized by Wilkinson et al ( 40), and were 
soon discovered to polymerize ethylene (4 1,42). A major breakthrough 
occurred when it was discovered that metallocene polymerization activity 
increased when a trace of water was added to the system ( 43 ,44). The 
partial hydrolysis of the aluminum alkyl component, such as 
trimethylaluminum, m a metallocene system could turn a normally 
inactive catalyst into an active one. These homogeneous catalysts are 
highly suited to produce polyolefins of different structures and 
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stereochemistries. Although homogeneous catalysts are ideal for studying 
catalytic mechanisms, for industrial scale production, heterogeneous 
catalysts are preferred. Not only can heterogeneous catalysts be readily 
separated from the reaction products, but they can also provide products 
with higher bulk density and larger, more uniform particle size (9). 
Supporting metallocenes on silica gel converts these catalysts from 
homogeneous to heterogeneous. 
Understanding how metallocenes, or in the case of Ziegler-Natta 
catalysts, metal alkyls and transition metal halides, react with various 
groups on the silica surface is essential to designing better silica 
supported catalysts. Only then will it be possible to correlate surface 





Bare silica gel (Davison 948, BET surface area: -275 m2 /g, particle 
size: -50 microns, pore volume: - 1.6 cc/g) was evacuated for 4-6 hrs at 
200-250°C to remove any adsorbed water. 600°C and HMDS silica ge ls 
were dried the same way. (All silicas were obtained from Millenium 
Petrochemicals Corp.) 600°C/HMDS silica gel was made by modifying 
600°C silica with hexamethyldisilazane (HMDS) (Hills America, Inc.) 
using 5 mmol of HMDS /g of 600°C silica gel and adding enough toluene 
to make the total volume 50 mL. The reaction was allowed to proceed for 
2 Y:z hrs at room temperature. The silica was vacuum filtered, washed with 
toluene, and evacuated for 1 Y:z hrs at l 50-200°C. 
Hexane (EM Science) and heptane (Aldrich) were dried under argon 
by stirring calcium hydride (Aldrich) through the so lution for at least 12 
hrs. Toluene (Mallinckrodt) was also dried under argon and calcium 
hydride but to ensure dryness , it was refluxed for a minimum of 4 hrs 
using a Dean-Stark trap. 
The organometallic compounds, dibutylmagnesium (DBM), 
trimethylaluminum (TMA), triethylaluminum (TEAL), diethylaluminum 
chloride (DEAC), ethylaluminum dichloride (EADC), and 
methylaluminoxane (MAO) were all obtained from Aldrich and used as 
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received. The metallocene, bis( cyclopentadienyl)dimethylzirconium 
(dimethylzirconocene or DMZ), was obtained from Strem Chemicals and 
also used as received. 
Potassium chloride (EM Science) was ground to a fine powder until 
no discernable crystals remained using a mortar and pestle. It was ground 
even further ( < 5 µm in diameter) by placing the potassium chloride in a 
steel capsule containing a steel ball and using a Wig-L-Bug (Crescent 
Dental Manufacturing Co.) for 2 min. The potassium chloride was finally 
dried in an oven at l 40- l 50°C for a minimum of 48 hrs before being used 
for DRIFTS. 
2.2 Instrumentation 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFTS) was performed using a Nicolet 7199 series FTIR spectrometer 
that was continuously purged with dry air to keep atmospheric water 
vapor to a mimmum. Signal detection was accomplished using a liquid 
nitrogen cooled narrow band mercury-cadmium-telluride detector. 
Spectra were obtained at a nominal resolution of 4 cm· 1 by coaddition of 
128 scans. Samples for analysis were prepared in an inert atmosphere 
glove box using a 10% w/w dispersion of the silica in ground and dried 
KCI. The sample cell was a controlled atmosphere cell (HVC-DRP) , 
which was used in conjunction with a Harrick Scientific Corp . "praying 
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mantis" diffuse reflectance accessory (DRA-2CN). The cell was adjusted 
to give the ideal sample height for optimal SIN ratio (45,46). 
Elemental analysis (performed by Millenium Petrochemicals Corp.) 
was obtained using a Leeman Laboratories PS-1 OOO Inductively Coupled 
Plasma Atomic Emission Spectrometer (ICP- AES) . Before injection into 
the ICP, the modified silica samples were fused with a 4: 1 mixture of 
sodium carbonate:lithium tetraborate and dissolved in 10% nitric acid. 
The wavelengths used were 251.611 nm for Si, 279.553 nm for Mg , 
308.215 nm for Al, and 407 .270 nm for Zr. 
2.3 Synthesis 
All reactions were performed in a dry nitrogen atmosphere glove 
box with water and oxygen concentrations typically less than 5 ppm. The 
organoaluminum and organomagnesium compounds were reacted with 
each of the four modified si lica gels. Reactions involving HMDS, 600°C, 
and 600°C/HMDS silicas all used 5mmol of the organometallic compound 
per gram of silica. (All reactions were done using one gram of silica.) 
Bare sil ica has a greater si lanol number than the other si licas , therefore 
10 mmol of the organometallic compound was used per gram of bare 
silica. 
The solvent used in each reaction depended on the particular 
organometallic compound involved, but all reactions (unless otherwise 
specified) were performed in a total volume of 50 mL of so lvent. (Ex. If 
14 
5 mL of the organometallic compound was used, then 45 mL of solvent 
was added to make the total volume 50 mL.) The solvent used for each 
compound was as follows: DBM was run in heptane, TEAL, DEAC, and 
EADC were all run in hexane, MAO was run in toluene, and TMA was run 
in both toluene and hexane to compare solvent effects. After the addition 
of the organometallic compound to the silica, the reaction was allowed to 
proceed for 1 hr, stirring vigorously upon initial addition and stirring 
again Yz hr into the reaction. The solution was decanted, and the silica 
was washed 4 times with 20 mL portions of the corresponding solvent to 
remove any unreacted, physisorbed compound. The modified silica was 
then evacuated for a minimum of 1 hr at 0.1 mm Hg (using an evacuation 
system outside the glove box, being extremely careful not to expose the 
samples to the atmosphere) to remove any residual solvent before being 
stored in the glove box . 
The reactions involving dimethylzirconocene were performed in a 
similar fashion to those of the compounds above with a few notable 
differences. The dimethylzirconocene reactions were run using 2 .5 mmol 
of DMZ (instead of 5 mmol) per gram of silica, diluted to a total volume 
of 50 mL with toluene. The dimethylzirconocene reactions were also 
allowed to proceed for 2 hrs instead of the usual 1 hr. All the reactions 
are summarized in Table 1. 
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CHAPTER ID 
RESULTS AND DISCUSSION 
3.1 Dibutylmagnesium 
Elemental analysis (See Table 2) showed that the reactivity order of 
the four modified silica gels with respect to dibutylmagnesium followed 
this pattern; bare silica > 600 °C silica > HMDS silica ~ 600°C/HMDS 
silica. DBM is most reactive with bare silica, which contains the largest 
amount of si lanols on any of the four silica surfaces. 600°C silica is next 
in reactivity, followed by HMDS silica , which implies that DBM is 
reactive toward both isolated and vicinal silanols. Perhaps most 
interesting is that a significant amount of magnesium (.58 mmol Mg/gm 
Si02, almost as much as was found on the HMDS silica surface) was found 
on the 600°C/HMDS silica. Since the 600°C/HMDS silica surface 
contains no significant amounts of either isolated or vicinal silanols, 
elemental analysis suggests that DBM either chemically reacts with the 
siloxane groups or there is some sort of physical interaction taking place 
between the two species. A more detailed discussion of this phenomenon 
will be presented in Section 3 .1.2. 
Infrared spectra of the modified silica gels after reaction with 
DBM are depicted in Figures 8-11. The IR spectrum of DBM modified 
bare silica (Fig. 8; compare to Fig. 4) clearly shows the disappearance of 
the isolated silanol peak (~3745 cm- 1) and a small change in the 
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appearance of the broad vicinal silanol band (3 700 to 3200 cm· 1 ). Intense 
peaks in the C-H stretching region, attributed to the butyl groups, appear 
between 3000 and 2800 cm· 1 and peaks are a lso detected in the C-H 
bending region below 1400 cm· 1• 
The 600°C silica surface contains only isolated silanols and 
siloxane groups. After reaction with DBM, the IR spectrum (Fig. 9; 
compare to Fig. 5) shows a loss of the isolated silanol peak and the 
appearance of the C-H stretching and bending peaks as seen before. This 
is a result of DBM reacting with the isolated silanols. There is also the 
appearance of a weak, broad band in the 0-H stretching region centered 
around 3500 cm· 1• This peak is of unknown origin, but there are a few 
possibilities. It could be the result of a small amount of physisorbed 
water, magnesium hydroxyl groups , or possibly just C-H combination and 
overtone bands from the DBM. 
The IR spectrum of HMDS silica indicates that the isolated silanols 
have been replaced with trimethylsilyl (TMS) groups , leaving the vicinal 
silanols essentially unaltered. After the DBM reaction (Fig. 1 O; compare 
to Fig. 6) , the vicinal silanol band changes slightly, whi le some small, 
unresolved peaks are detected in the C-H stretching region and other 
small peaks appear in the C-H bending region. These peaks are distinct 
from the bands arising from the TMS groups. 
Finally, the IR spectrum of HMDS/600°C silica shows that there are 
no significant amounts of either silanol type. After DBM reaction (Fig. 
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11; compare to Fig. 7), the emergence of a sharp peak in the C-H 
stretching region (- 2920 cm- 1), separate from the TMS peaks, is apparent. 
Peaks associated with the C-H bending modes also appear along with the 
broad band centered around 3500 cm· 1 as described during the DBM 
modified 600 °C silica gel discussion. The infrared analysis is consistent 
with the elemental analysis. Both indicate that there is some kind of 
reaction or interaction existing between the siloxane groups and the DBM. 
3.1.1 CH/Mg Rat ios for Dib utylmagnesium 
Up to this point, only the types of silica surface structures to which 
DBM binds have been explored. To get a better understanding of how 
DBM bonds to the modified silica surfaces, a semi-quantitative 
measurement, referred to as the CH/Mg ratio, was determined. This ratio 
gives the relative amounts of CH present per amount of magnesium on the 
silica surface as a result of reacting each of the modified silica gels with 
DBM. 
Looking at the infrared peaks in the C-H stretching and bending 
regions reveal s that the only DBM peak completely resolved from the 
trimethylsilyl groups resulting from HMDS modification is the peak found 
in the C-H bending region ( 1390 - 13 70 cm· 1 ). To calculate the CH/Mg 
ratio, this DBM peak was integrated and this value was divided by the 
integration value of the siloxane peak centered around 1860 cm· 1, which 
served as an internal standard. This CH/siloxane ratio was also calculated 
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for the silica gels before reaction with DBM, so this band area ratio could 
be subtracted out to remove any possible interference due to the 
trimethylsilyl groups found on the HMDS modified silica gels. Finally, 
the resulting unitless CH/siloxane ratio was divided by the amount of 
magnesium found on the corresponding silica surface as determined by 
elemental analysis. This value is the actual CH/Mg ratio reported in 
Table 3. It is important to note that all integrations were performed on 
spectra that had first been converted to Kubeika-Munk units as previously 
described. 
The CH/Mg ratios, as seen tn Table 3, decrease in the order of 
600°C silica ~ 600°C/HMDS silica ~ bare silica >> HMDS silica. These 
results indicate that HMDS silica has lost the most alkyl groups after 
reaction with DBM, while the 600°C and 600°C/HMDS silicas have 
retained the most alkyl groups relative to the other silicas after reaction . 
Based on TiCl4 reactions with si lica (10,22,23,47) (Fig. 12), DBM 
reaction with bare silica is proposed to yield two distinct types of 
magnesium bonded surface structures (Fig. 13 ). DBM appears to react 
with isolated silanols to form singly bonded magnesium alkyls, with the 
loss of one butyl group in the form of butane. IR supports this reaction 
by the disappearance of the isolated silanol peak at 3745 cm- 1 along with 
the emergence of the CH bending and stretching peaks (See Fig. 8). The 
alteration of the v icinal silanol band also supports the reaction of DBM 
with the vicinal silanols . DBM reaction with vicinal silanols is believed 
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to form bridged magnesium structures (analogous to the TiC14 reaction) 
with the loss of both butyl groups. Another plausible reaction is the 
reaction of DBM with the siloxane groups. During this reaction the 
si loxane bond breaks resulting in a singly bonded magnesium alkyl and a 
singly bonded silicon alkyl, therefore no butyl groups are lost in this 
process. 
The major reaction pathways on bare silica are those involving the 
isolated and vicinal silanols. Taking this into account, the butyl/Mg ratio 
proposed for bare silica is somewhere in the range of 0.5 - 1.0 depending 
on the number of siloxanes that react. This theoretical ratio is calculated 
by looking at the proposed surface species resulting from DBM reaction 
with the isolated silanols, vicinal silanols, and siloxane groups 
individually, determining how magnesium bonds and how many butyl 
groups are left on the silica surface after each reaction. As already 
discussed above, DBM reaction with isolated silanols is believed to leave 
one butyl group bonded to the silica surface for every bonded magnesium, 
resulting in a l butyl/Mg ratio. Since DBM reaction with the vicinal 
silanols is proposed to form bridged magnesium structures with the loss of 
both butyl groups, the ratio will be 0 butyl/Mg. DBM reaction with the 
si loxanes is presumed to leave both butyl groups bonded to the surface for 
every bonded magnesium, thus a 2 butyl/Mg ratio is obtained. Summing 
these ratios gives an overall ratio 1, whi le summing just the isolated and 
vicinal si lanol ratios gives a ratio of 0.5. The overall ratio for bare silica 
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depends on the extent of siloxane reaction, which is why the ratio is given 
as a range between 0.5 - 1 butyl/Mg. 
One important point needs to be kept in mind. These ratios are just 
theoretical and are not expected to numerically match the experimental 
ratios (Table 3). The theoretical ratios are designed to give relative 
values so comparisons can be made between the four different silica gel 
surfaces. Ideally, both the theoretical and experimental CH/Mg ratios 
will follow the same pattern among the silica gels. 
For 600°C silica, the vicinal silanols have been condensed, leaving 
only isolated silanols and siloxane groups behind. DBM is believed to 
react with the silica surface forming singly bonded magnesium alkyls and 
silicon alkyls . Since no butyl groups are lost during siloxane reaction, a 
total of only one butyl group is lost during the DBM reaction (from 
isolated silanols) with 600°C silica. Summing the ratios for the isolated 
silanol and siloxane reactions (previously determined for bare silica) , a 1-
1.5 butyl/Mg ratio is proposed for 600°C silica, depending on the extent 
of siloxane reaction. 
The HMDS silica surface is mainly comprised of vicinal silanols 
and siloxanes. This surface is believed to react with DBM to form 
bridged magnesium structures and some singly bonded magnesium alkyls 
and silicon alkyls. Since DBM reaction with the vicinal silanols is the 
major reaction pathway and both butyl groups are lost during this process , 
the butyl/Mg ratio should be smallest for HMDS silica. 
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600°C/HMDS silica contains no significant amounts of either 
s ilanol type, thus the surface is composed mainly of siloxane groups. The 
proposed DBM reaction with this silica surface results in the formation of 
singly bonded magnesium alkyls and si licon alkyls caused by siloxane 
bond breaking. No butyl groups are lost during this process, therefore a 2 
butyl/Mg ratio is calculated for 600°C/HMDS silica. 
Comparing the theoretical CH/Mg ratios as determined above for 
each of the four s ilica gels gives the ratio order of 600°C/HMDS silica > 
600°C sil ica > bare silica > HMDS silica. This order varies slightly from 
the experimental order as seen in Table 3. The only difference is that the 
experimentally determined CH/Mg ratios for the 600°C and 600°C/HMDS 
silicas are in reverse order. The ratios for the 600°C and 600°C/HMDS 
silicas are close enough to each other that the difference in order cou ld 
just be a function of experimental error (See Table 3) . As for the CH/Mg 
ratios for bare and HMDS silica, the experimental ratios are consistent 
with the order depicted by the theoretical ratios. 
3.1.2 The Siloxane Reaction 
It was mentioned earlier that there was originally some question 
concerning whether the si loxane group actually reacts with DBM, 
resulting in the cleavage of the siloxane bond, or if there is some type of 
physical interaction taking place. The siloxane bond being broken by 
DBM to form the magnesium alkyl and silicon alkyl has already been 
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discussed above. The other possibility is that the magnesium atom 
coordinates to the oxygen atom in the siloxane group ( 48). Based on 
extraction experiments, elemental analysis, and NMR studies performed 
by Blitz et al ( 13) , DBM appears to chemically bond with the siloxanes 
rather than complex with them. 
3.2 Organoaluminum Compounds 
Various aluminum alkyls and aluminum alkyl chlorides were reacted 
with the four modified silica gel surfaces as described in the experimental 
section. The reactivities of these compounds along with the possible 
surface structures involved with each reaction were surmised using the 
same analytical techniques as the ones utilized in the DBM reactions. 
Elemental analysis comparing the amount of aluminum found on each 
si lica surface after reaction with the organoaluminum compounds is 
shown in Table 2. Each compound follows the same trend as that already 
seen for DBM (Bare silica > 600°C silica > HMDS silica ~ 600°C/HMDS 
silica.) Also like DBM, they all appear to react with both isolated and 
vicinal silanols and to show significant reaction with the siloxane groups. 
Methylaluminoxane (MAO), which is partially hydrolyzed TMA and 
whose exact structure is unknown, has significantly larger amounts of 
aluminum detected on the silica surfaces after reaction than any of the 
other compounds. MAO 1s suspected to exist as a dimer, therefore 
looking at the stoichiometry of the reaction, each mole of MAO that 
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reacts will result in two moles of aluminum bonded to the silica surface. 
Trimethylaluminum (TMA) , with the exception of MAO , binds the most 
aluminum on the surface after reaction. Comparing the ICP data between 
TMA and MAO shows that roughly twice as much aluminum is found on 
each of the silica surfaces after MAO reaction as oppo sed to TMA 
reaction. This outcome supports the dimer theory. 
The TMA reactions were performed in two different solvents, toluene 
and hexane, to determine if there were any apparent solvent effects 
between the two. (This was done because TMA is commonly purchased 
with either hexane or toluene as the solvent.) Elemental analysis (Table 
2) indicates no significant solvent effects were evident under the 
conditions studied, therefore the subject will not be discussed further. 
Triethylaluminum (TEAL) differs in structure from TMA by a 
substitution of the three methyl groups with ethyl groups. Comparing the 
elemental analysis data of TEAL and TMA (both reactions using hexane 
as the solvent), TEAL is less reactive than TMA with respect to the four 
silica gels. The most likely reason behind the lowered reactivity of TEAL 
is that the one carbon extension of the alkyl group creates steric hindrance 
between the TEAL molecule and the silica surface. 
Comparing the ICP data of TEAL, diethylaluminum chloride (DEAC), 
and ethylaluminum dichloride (EADC), allows a determination of how 
exchanging the ethyl groups with chloro groups affects the reactivity. 
The Al-C bond has a lower bond energy (255 kJ/mol) than the Al-Cl bond 
24 
(511 kJ/ mol), resulting in the ethyl group being more labile than the 
chloro group. Based on the bond energies, the reactivities of the three 
compounds would be expected to follow the pattern of decreasing 
reactivity with an increase in the number of chloro groups present in the 
compound. However, the reactivity order of the compounds with respect 
to the pretreated silica gels, as shown in Table 2, is EADC > TEAL > 
DEAC, (except for 600°C silica where all of the results are similar.) 
Since DEAC has one chloro group and two ethyl groups (instead of three 
as in TEAL), it is not surprising that DEAC is less reactive than TEAL. 
EADC , however, has two chloro groups and one ethyl group , but instead 
of being less reactive than TEAL and DEAC} EADC is more reactive than 
both. This is particularly noticeable in the reaction with HMDS modified 
silica. As for 600 °C sil ica, all three compounds appear to have similar 
reactivities toward isolated silanols and perhaps si loxane groups found on 
the heat treated surface. A possible explanation for this increased 
reactivity will be presented, but it will be delayed until later, when the 
surface structures resulting from the reactions will be discussed in more 
detail. 
3.2.1 Trimethylaluminum 
Infrared spectra of the TMA reactions (for both toluene and hexane) 
are depicted in Figures 14-21. As can be seen, the peaks associated with 
the reactions utilizing hexane as a solvent are essentially identical to 
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those using toluene. This is consistent with the ICP data (Table 2) 
presented earlier, which indicates that the TMA reactions are, in essence, 
solvent independent. From this point on, any referrals made to the TMA 
infrared spectra will be to the TMA reactions run in hexane, unless 
otherwise stated. 
The IR spectrum of TMA reacted bare silica (Fig. 14; compare to 
Fig. 4) shows the disappearance of the isolated silanol peak (~3745 cm. 1) 
and a slight alteration in the appearance of the broad vicinal silanol band 
(3700 - 3200 cm. 1). Sharp peaks associated with the CH stretch of the 
chemisorbed methyl groups appear in the 3000 - 2800 cm· 1 region along 
with a small peak in the CH bending region below 1400 cm· 1 . 
The 600°C silica spectrum after reaction with TMA (Fig. 15; 
compare to Fig. 5) once again shows a loss of the sharp isolated silanol 
peak along with the appearance of the weak, broad band of unknown 
origin centered around 3500 cm·1 mentioned in the DBM discussion 
earlier. The peaks corresponding to the CH bending and stretching modes 
also appear again. (The small CH bending peak below 1400 cm· 1 can be 
seen more clearly in the TMA in toluene spectrum in Figure 19.) 
The infrared spectrum of HMDS silica reacted with TMA (Fig. 16; 
compare to Fig. 6) reveals a slight alteration in the shape of the broad 
vicinal silanol band . Except for that minor modification, the rest of the 
spectrum looks unchanged from that of HMDS silica. The spectrum of 
600°C/HMDS silica after reaction with TMA (Fig. 17) is also very similar 
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to the 600°C/HMDS silica spectrum (Fig. 7) before reaction. The 
appearance of the broad 3500 cm· 1 band is the only readily distinguishable 
difference between the two spectra. The trimethylsilyl peaks obscure any 
peaks arising from the methyl groups chemisorbed to the silica surface via 
TMA reaction. This creates a problem determining CH/ Al ratios. Since 
no CH peak resulting from TMA reaction can be resolved from the TMS 
peaks on either of the two HMDS modified silica gels, no direct 
comparisons based on CH/ Al ratios can be made. 
3.2.2 TEAL, DEAC, and EADC 
TEAL, DEAC, and EADC will be discussed together because 
structural]y they differ only in the number of chloro and ethyl groups they 
possess. Infrared spectra of the four modified silica gels after reaction 
with each compound are displayed in Figures 22-33. 
The IR spectra depicting bare silica after reaction with each of 
these compounds (Figs. 22, 26, and 30; compare to Fig. 4) show similar 
features, differing mainly in peak intensity. This is the situation for all of 
the modified silica gels . In fact , comparing the relative peak intensities 
of the CH stretching peaks (3000-2800 cm-1) obtained from the silicas 
modified by these three compounds, (keeping in mind that this is a 
comparison of the peak intensities in relation to other peaks on the 
spectrum, not of the absolute peak intensities, which is dependent on the 
amount of silica gel under the infrared beam) , a distinct difference can be 
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seen. Not surprisingly, the magnitudes of the relative intensities of the 
CH stretching peaks for each of these modified silicas falls in the order of 
EADC silica < DEAC silica < TEAL silica. The more chloro groups 
attached to the compound, the more chloro groups will be attached to the 
silica surface as opposed to ethyl groups after reaction, therefore the 
lower the relative peak intensity. As for the similarities found in the 
modified bare silicas, in all cases, the sharp isolated silanol peak 
disappears, the broad vicinal silanol band is modified slightly, and three 
sharp peaks appear in the CH stretching region. Small peaks also emerge 
in the CH bending region from 1500-13 70 cm· 1. 
For 600°C silica (Figs. 23, 27, and 31; compare to Fig. 5), after 
reaction the isolated silanol peak disappears with the emergence of the 
unknown broad, low intensity band centered around 3500 cm· 1 . The three 
CH stretching peaks appear again along with the corresponding CH 
bending peaks. 
For the HMDS (Figs. 24, 28, and 32; compare to Fig. 6) and 
600°C/HMDS (Figs. 25, 29, and 33; compare to Fig. 7) silica gels, 
qualitatively there is not much difference between the IR spectra before 
and after reaction. The most notable differences are the slight alteration 
of the vicinal silanol band for the reacted HMDS silicas and the 
difference in the relative intensities of the CH bending and stretching 
peaks for all the reacted HMDS and 600°C/HMDS silicas. 
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3.2.3 CH/Al Ratios for TEAL, DEAC, and EADC 
Greater insight into how TEAL, DEAC, and EADC bind to the silica 
surface structures will be gained through examining the experimental 
CH/Al ratios (See Table 3). These ratios were calculated using two small 
CH bending peaks located in the 1500- 13 70 cm- 1 region. The integration 
limits for the first peak were 1504-1434 cm- 1 , while the limits for the 
second peak were 1391-1433 cm- 1• The ratios for each peak were looked 
at on an individual basis and were also added together to compare the 
sums. Any IR absorptions due to trimethylsi lyl groups on the HMDS 
modified silicas were removed by subtraction as described earlier. 
Analogous to the TiCl4 (Fig. 12) and DBM reactions (Fig. 13 ), and 
based on the infrared spectra and elemental analysis (Table 2), the TEAL, 
DEAC, and EADC reactions with bare silica are each believed to generate 
two distinct aluminum bonded surface structures. (Figure s 34, 35, and 36 
show the proposed reactions of these compounds with the silica surface 
structures.) TEAL is proposed to react with isolated silanols to form a 
singly bonded diethylaluminum with the lo ss of one ethyl group in the 
form of ethane. TEAL is also believed to react with the vicinal silanols to 
yie ld a bridged aluminum alkyl with the loss of two ethyl groups. DEAC 
is proposed to react with the isolated silanols to form a singly bonded 
ethylaluminum chloride, losing one ethyl group in the process. DEAC is 
also believed to react with the vicinal silanols producing a bridged 
aluminum chloride with the loss of both ethyl groups. EADC also appears 
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to react with both isolated and vicinal silanols. (Elemental analysis and 
IR (Fig. 22 , 26, and 30; compare to Fig. 4) support these proposed 
products by the disappearance of the isolated silanol peak and the 
alteration of the vicinal silanol band along with the appearance of the CH 
bending and stretching peaks.) EADC, having only one ethyl group and 
two chloro groups however, is more reactive than both TEAL and DEAC, 
as determined by elemental analysis. A feasible explanation for this is 
obtained by considering the reaction of EADC with the vicinal silanols. 
EADC reaction with an isolated silanol results m a dichloroaluminum 
group bonded to the silica surface, but reaction with vicinal silanols is 
believed to form two dichloroaluminum groups bonded to the surface 
rather than the bridged aluminum structure that is common for the other 
compounds discussed in this study. Assuming this is sterically possible, 
this would explain the increased reactivity of EADC, which is especially 
noticeable on the HMDS modified silica gd. This is not surprising, 
considering that the main reactive species found on the HMDS modified 
silica surface are vicinal silanols. 
Returning to bare silica, the mam reaction pathways are those 
involving the isolated and vicinal silanols, but some reaction with 
siloxane groups is possible. For the proposed TEAL reaction, the 
siloxane bond is broken yielding a singly bonded diethylaluminum and a 
singly bonded silicon alkyl, with no loss of ethyl groups. DEAC is 
believed to react with siloxanes, resulting in an ethylaluminum chloride 
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singly bonded to the surface, along with the si licon alkyl. The proposed 
EADC reaction also cleaves the siloxane bond, producing the singly 
bonded dichloroaluminum group and accompanying silicon alkyl. 
Given the above reactions for TEAL, DEAC, and EADC, payrng 
special attention to the surface species formed during each reaction along 
with the loss of ethyl groups where appropriate , calculating the 
theoretical CH/ Al ratios is relatively straightforward. 
Starting with TEAL, the proposed reaction with isolated silanols 
results in two ethyl groups being bonded to the si lica surface for every 
bonded al uminum. This corresponds to a theoretical ratio of 2 ethyl/ Al. 
Since TEAL reaction with vicinal silanols is believed to form bridged 
aluminum structures with the loss of two ethyl groups, the ratio will be 1 
ethyl / Al. TEAL reaction with the siloxanes is believed to leave all three 
ethyl groups bonded to the surface for every bonded aluminum, therefore 
a ratio of 3 ethyl / Al is obtained. Summing these ratios results in an 
overall ratio of 2, while summing only the ratios for the isolated and 
vicinal silanols gives a ratio of 1.5 . The theoretical CH/ Al ratio for the 
TEAL reaction with bare silica is believed to be somewhere in the range 
of 1.5-2 depending on the extent of siloxane reaction. 
For DEAC, the proposed reaction with isolated silanols leaves one 
ethyl group (and one chloro) bonded to the silica surface for every bonded 
aluminum, thus a theoretical ratio of 1 ethyl/ Al is obtained. Reaction 
with the vicinal silanols is believed to form bridged aluminum structures 
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with the loss of both ethyl groups resulting in a ratio of 0 ethyl/ Al. 
DEAC reaction with the siloxanes is proposed to bind both ethyl groups 
(and one chloro) on the silica surface giving a 2 ethyl/A l ratio. Summing 
these ratios gives an overall ratio of 1, while summing just the isolated 
and vicinal silanol ratios gives a ratio of 0 .5. This gives a theoretical 
CH/Al ratio of 0.5-1 for DEAC reacted bare silica, depending on the 
extent of siloxane groups reacted. 
The proposed EADC reaction with the isolated silanols results in no 
ethyl groups bound to the silica surface (only two chloro groups) for 
every bonded aluminum. This gives a theoretical ratio of 0 ethyl/ Al. 
EADC reaction with vicinal silanols is believed to once again result in no 
ethyl groups bonded to the silica surface , therefore a ratio of 0 ethyl/ Al is 
proposed. Since EADC only has one ethyl group, the siloxane reaction is 
the only one that will leave an ethyl bound to the silica surface, giving a 
ratio of 1 ethyl/ Al. The theoretical CH/ Al ratio for EADC reaction on 
bare silica therefore, is directly dependent on the extent of EADC reaction 
with the siloxanes. This ratio is calculated to be 0-0.25 CH/ Al. 
TEAL, DEAC, and EADC reactions with 600°C silica are proposed 
to occur with the isolated silanols and the siloxanes. (Experimental 
support for these proposed reactions are based on the elemental analysis 
(Table 2) and IR spectra (Figs. 23, 27, and 31; compare to Fig. 5), which 
were discussed earlier.) These compounds are believed to react with the 
isolated silanols producing the corresponding singly bonded aluminum 
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surface species already discussed in the bare silica reactions. Reactions 
with the isolated silanols are the main reaction pathways for all three 
compounds, but siloxane reactions are believed to be significant. 
Siloxane reaction with each of the compounds will also produce the singly 
bonded aluminum species (identical to those produced during the isolated 
silanol reactions) along with the silicon alkyls. 
For 600°C silica, after TEAL reaction one ethyl group is removed 
during the isolated silanol reaction and none for the siloxane reaction. 
Summing the theoretical ratios for the isolated silanol and siloxane 
reactions (previously determined for bare silica), a 2-2.5 ethyl/Al ratio is 
proposed for 600°C silica depending on the extent of siloxane reaction. 
The proposed DEAC reaction with 600°C silica results in one ethyl group 
being lost during the isolated silanol reaction and no ethyls being 
removed during reaction with the siloxanes. Summing the appropriate 
ratios, again depending on the amount of siloxane reaction, a ethyl/ Al 
ratio of 1-1. 5 is obtained. For the proposed EADC reaction with 600°C 
silica, EADC reaction with isolated silanols results in a loss of the ethyl 
group while the reaction with siloxanes binds the ethyl group. Summing 
the two ratios gives a theoretical ratio of 0-0.5 ethyl/ Al depending on the 
extent of siloxane reaction. 
The proposed TEAL and DEAC reactions with HMDS modified 
silica will yield the bridged aluminum structures resulting from reaction 
with the vicinal silanols, along with the corresponding singly bonded 
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aluminum species and silicon alkyls formed during siloxane reaction. 
EADC is believed to react with the vicinal silanols on HMDS silica, 
forming the singly bonded dichloroaluminum groups as described for the 
bare silica reaction. EADC reaction with the siloxanes is proposed to 
produce an additional amount of the dichloroaluminum groups along with 
the silicon alkyls. (Experimental support for these proposed reactions is 
based on the elemental analysis (Table 2) and IR spectra (Figs. 24, 28, 
and 32; compare to Fig. 6).) The main reaction pathway for HMDS silica 
is believed to be through the vicinal silanols. The siloxane reaction is 
thought to be minor in comparison and as a result the theoretical CH/ Al 
ratios (the range calculated by summing up the vicinal si lanol and 
siloxane ratios) for all three compounds will be small est for the HMDS 
silicas. 
Since there are no significant quantities of either isolated or vicinal 
silano ls found on the 600°C/HMDS silica surface (See Fig. 7), the 
reactions of TEAL, DEAC, and EADC will consist primarily of those 
involving the siloxane groups. The proposed TEAL reaction will result in 
singly bonded diethylaluminum and silicon alkyls. The DEAC reaction is 
believed to produce singly bonded ethylaluminum chloride and si licon 
alkyls. Finally, the proposed EADC reaction forms singly bonded 
dichloroaluminum and silicon alkyls. The theoretical CH/ Al ratios for 
each compound on 600°C/HMDS silica will be the ratios calculated for 
the corresponding si loxane reaction. The theoretical CH/ Al ratios for 
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TEAL, DEAC, and EADC reacted 600 °C/HMDS silica will therefore be 3, 
2, and I respectively, and the largest of any of the silicas. 
Theoretically, TEAL, DEAC, and EADC should all essentially 
follow the same trend for the CH/ Al ratios, which is also the same order 
followed by the DBM reactions examined earlier, 600 °C/HMDS silica > 
600°C silica > bare silica > HMDS silica. Comparing the orders of the 
experimental ratios calculated for the three compounds (Table 3) with the 
orders of the theoretical ratios above , some differences are apparent. The 
total ratio (sum) for both the DEAC and EADC modified s ilicas follow the 
same trend as the theoretical ratios , but the ratios for the individual peaks 
on the 600 °C and 600°C/HMDS si licas vary in their order from peak to 
peak. These particular ratios, although sometimes differing in their 
respective orders, are consistently the ratios with the largest values. As 
in the theoretical case, the ratio for bare silica is smaller in magnitude, 
followed by HMDS silica. 
The ratios for the TEAL reacted si licas follow nearly the same 
pattern as tho se for DEAC and EADC , except the 600°C/HMDS silica 
ratios are lower than both the 600 °C and bare silica ratio s. This trend is 
consistent for both individual peaks; hence the total ratio will follow this 
pattern as well. The high CH/ Al ratio for the TEAL reacted bare silica 
was unexpected. Nothing unusual appears in the elemental analysis, so 
perhaps there is a problem with the IR spectrum. The other possibility is 
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that some unknown chemistry is taking place during this reaction. 
Additional work is required. 
3.2.4 Surface Species of the TMA/Silica Reaction 
As in the DBM, TEAL, DEAC, and EADC cases, the reactions of 
TMA with the different silica surface species are believed to result rn 
distinct bonded surface structures. Although CH/ Al ratios were not 
calculated for the TMA reactions , surface structures will be presented 
based on the ICP, IR data, and CH/ Al ratios for the TEAL, DEAC, and 
EADC reactions calculated earlier (Table 3 ) , along with the previous work 
of other authors ( 12, 17, 18,20,21 ). The proposed reactions of TMA with 
the si lica gel surface structures (analogous to the TEAL reactions) are 
depicted in Figure 3 7. 
The predominant species found on bare silica are isolated and 
vicinal silanols. TMA is believed to react with isolated silanols to form 
singly bonded dimethylaluminum groups with the loss of one methyl 
group in the form of methane. TMA is also believed to react with the 
vicinal silanols forming bridged aluminum alkyls with the lo ss of two 
methyl groups. The proposed TMA reaction with the siloxanes causes the 
siloxane bond to break, forming singly bonded dimethylaluminum and 
singly bonded silicon alkyls with no loss of methyl groups. As discussed 
earlier, infrared analysis (See Figs. 14 and 18; compare to Fig. 4) is 
consistent with these reactions, showing the disappearance of the isolated 
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silanol peak, the alteration of the broad vicinal silanol band , and the 
emergence of the CH stretching and bending peaks. 
For 600°C silica, TMA is proposed to react with the isolated 
silanols forming singly bonded dimethylaluminum groups as seen with 
bare silica. The vicinal silanols have been condensed leaving behind 
siloxane groups, of which at least some are believed to react with TMA, 
forming additional singly bonded dimethylaluminum groups along with 
the silicon alkyls. Elemental analysis (Table 2) and IR data (Fig. 15 and 
19; compare to Fig. 5) support these reactions. The isolated silanol peak 
disappears and the corresponding CH vibrations appear. 
Elemental analysis indicates a significant amount of aluminum 
bonded to the HMDS silica surface and IR (Figs. 16 and 20; compare to 
Fig. 6) shows an alteration of the vicinal silanol band. Since the HMDS 
silica surface is composed mainly of vicinal silanols, the main surface 
species formed after TMA reaction are believed to be bridged aluminum 
alkyls. In addition, some singly bonded dimethylaluminum groups and 
silicon alkyls caused by siloxane reaction will likely be formed. 
600°C/HMDS silica, having insignificant amounts of both silanol 
types, still has a notable quantity of aluminum bonded to the surface as 
determined by elemental analysis. As was already seen with DBM and the 
other organoaluminum compounds, TMA also appears to be reasonably 
reactive with the siloxanes, producing dimethylaluminum and silicon 
alkyls. 
37 
3.3 Metallocene Dichlorides 
Metallocene dichloride reactions with modified silica gels were 
studied earlier by Blitz et al (9). They found that the Group IV 
metallocenes, namely titanocene, zirconocene, and hafnocene dichlorides, 
reacted with isolated silanols slightly and were relatively unreactive 
toward the vicinal si lanols and siloxane groups under the conditions 
investigated. The order of reactivity of the four silica gel surfaces with 
respect to the metallocene dichlorides is bare silica > 600°C silica > 
HMDS silica ~ 600°C/HMDS silica. This makes perfect sense given that 
bare silica has the largest number of silanols because it contains both 
isolated and vicinal silanols, 600°C silica has mostly isolated silanols and 
siloxanes, HMDS silica has mostly vicinal silanols and siloxanes, and 
600°C/HMDS silica has no significant amount of either silanol type, 
mainly just a surface of siloxane groups. Also noted is the metallocene 
dichlorides increase in reactivity going down the Group IV transition 
metals: Cp2HfCh > Cp2ZrCh > Cp2TiCh. 
3.4 Dimethylzirconocene 
Dimethylzirconocene (Cp2ZrMe2) was found to be much more 
soluble in toluene than zirconocene dichloride. This is not surprising 
since the methyl groups are replacing the chlorides, making the 
metallocene more lipophilic. Elemental analysis (See Tab le 4) showed 
that the reactivity order of the four silica surfaces with respect to 
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dimethylzirconocene remained identical to that reported for the 
metallocene dichlorides. Comparing the reactivity of dimethylzirconocene 
and zirconocene dichloride showed that Cp2ZrMe2 was much more 
reactive than Cp2ZrCl2. This was true even though 2.5 mmol of Cp2ZrMe2 
per gram of silica was used instead of 5 mmol of metallocene per gram 
reported for Cp2ZrC}i. 
One possible explanation for this reactivity order concerns the 
relative stability of the two complexes. This explanation is best realized 
using the concept of hard and soft metals and ligands. High oxidation 
state metals, which lack electron density, are normally considered to be 
hard metals. The zirconium atom in both Cp2ZrCh and Cp2ZrMe2 is 
assigned a formal oxidation state of +4, therefore it is a hard metal. Hard 
metals prefer to bind with hard , strongly electron donating ligands, 
characterized by their low polarizability. Conversely, low oxidation state 
metals are usually described as soft and tend to bind soft, polarizable 
ligands. Since the chloride ligand is a harder ligand than the methyl 
ligand, the Cp2Z r fragment binds preferentially with the chloride ligands, 
resulting lll a more stable , less reactive complex than 
dimethylzirconocene. 
The infrared spectra of the dimethylzirconocene (DMZ) reactions 
with the four modified silica gels are depicted in Figures 3 8-41. The 
spectrum of the DMZ reacted bare silica (Fig. 38) shows a disappearance 
of the isolated silanol band located at -3745 cm· 1 along with a slight 
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change in the broad vicinal silanol band. An absorption band associated 
with the cyclopentadienyl groups bonded to the silica surface emerges 
around 3100 cm· 1 and some peaks appear in the CH stretching and bending 
regions located at 3000-2800 and 1400-1300 cm· 1 respectively. 
The spectrum of DMZ modified 600°C silica (Fig. 39) shows 
similar features as those discussed in the bare silica spectrum. The only 
obvious difference being a lack of the broad band corresponding to the 
vicinal silanols, since these were all removed during the heat 
pretreatment. 
The spectra of the HMDS and 600°C/HMDS silicas after DMZ 
reaction (Figs. 40 and 41 respectively) all appear essentially unchanged 
from their spectra before reaction. Perhaps most noticeable is that the 
cyclopentadienyl peak ts not detected , which would indicate no 
appreciable reaction takes place with these silica surfaces at the 
conditions studied. Since both these surfaces lack isolated silanols, it 
appears that DMZ reaction is minimal , if it occurs at all, with either the 
vicinal silanols or the siloxanes. These results are consi stent with those 
of the elemental analysis presented earlier (Table 4 ). In addition, these 
conclusions are similar to those made in the Blitz et al study concerning 
the zirconocene dichloride reactions (9). To sum up, dimethylzirconocene 




Under the conditions studied, all of the compounds, DBM, MAO, 
TMA, TEAL, DEAC, EADC, and DMZ had reactivities with respect to the 
four silica gel surfaces following the order of bare silica > 600°C silica > 
HMDS si lica > 600°C/HMDS silica as determined by elemental analysis. 
All of the compounds, with the exception of DMZ, react with both 
isolated and vicinal si lanol s, and appear to react significantly with the 
siloxane groups. The metallocene, DMZ, reacts predominately with the 
isolated silanols, and has little or no reaction with the vicinal silanols or 
the siloxanes, following the established trend of other metallocenes. 
The CH/Metal ratios, calculated using specific band areas and the 
elemental analysis data, allowed more insight into how various 
organometallic species were bonded to the si lica surfaces. All 
compounds are believed to react with isolated s ilanols forming singly 
bonded surface structures with the loss of one alkyl group. Most of the 
compo unds also appear to form bridged surface species after reaction with 
vicinal silanols, with the corresponding loss of two alkyl groups. EADC 
however, contains only one alkyl group, therefore it is believed to react 
with each sil anol in a hydrogen bonded silanol pair, yielding two 
dichloroaluminum groups bonded to the silica surface. Most of the 
compounds also seem to react appreciably with siloxanes . The siloxane 
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bond was broken during the process resulting in singly bonded surface 
structures and silicon alkyls. The theoretical CH/Metal ratios for each 
compound were hypothesized to decrease in magnitude following the 
order of 600°C/HMDS silica > 600°C silica > bare silica > HMDS silica. 
There were a couple of notable differences between the theoretical and 
experimental values. The first difference being that for some compounds 
the ratio for 600°C silica was larger than the ratio for 600°C/HMDS 
silica. The second difference was that for the TEAL reactions the ratio 
for 600°C/HMDS silica was smaller than the ratios for the bare and 600°C 
silicas. Aside from these differences, the orders of the experimental 
CH/Metal ratios for the compounds were comparable to the theoretical 
ratio order. The most likely reasons for these discrepancies are either 
experimental error or some unknown chemistry which is occurring during 
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Table 1 *: Reaction Specifications 
Silicas 
Bare 600°C HMDS 600°CII-ThIDS 
10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 DBM 50 mLof mLof mLof 
mL of heptane heptane heptane heptane 
10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 TMA 50mLof 
mL of toluene mL of toluene mL of toluene toluene 
rJ'.l 
10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 TMA 50mLof 




10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 TEAL 50 mL of 
mLofhexane mLofhexane mLofhexane hexane 
0 
u 
10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 DEAC 50 mL of 
mLofhexane mLofhexane mLofhexane hexane 
10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 EADC 50 mL of 
mL of hexane mL of hexane mLofhexane hexane 
10 mmol in 5 mmol in 50 5 mmol in 50 5 mmol in 50 MAO 50 mL of 
mL of toluene mL of toluene mL of toluene 
toluene 
2.5 mmol in 2.5 mmol in 2.5 mmol in 2.5 mmol in 50 Cp2ZrMei** 50 mLof 50 mL of 50 mL of 
mL of toluene 
toluene toluene toluene 
* See Expennental Section for detailed reaction procedure. 
* * Metallocene reactions were run for 2 hrs instead of the usual 1 hr. 
Table 2: Elemental Analysis 
Reaction mmol Metal/gm Si02 
Bare Silica + DBM 2.17 
600°C Silica + DBM 1.56 
HMDS Silica+ DBM 0.64 
600°C/HMDS Silica + DBM 0.58 
Bare Silica + TEAL 1.80 
600°C Silica + TEAL 1.20 
HMDS Silica + TEAL 0.57 
600°C/HMDS Silica + TEAL 0.41 
Bare Silica+ DEAC 1.70 
600°C Silica + DEAC 1.20 
HMDS Silica + DEAC 0.48 
600°C/HMDS Silica + DEAC 0.19 
Bare Silica + EADC 1.96 
600°C Silica + EADC 1.26 
HMDS Silica+ EADC 1.07 
600°C/HMDS Silica + EADC 0.57 
Bare Silica + TMA (Tol.) 2.22 
600°C Silica + TMA (Tol.) 1.61 
HMDS Silica +TMA (Tol.) 0.65 
600°C/HMDS Silica + TMA (Tol.) 0.42 
Bare Silica+ TMA (Hex.) 2.18 
600°C Silica+ TMA (Hex.) 1.40 
HMDS Silica +TMA (Hex.) 0.73 
600°C/HMDS Silica+ TMA (Hex.) 0.47 
Bare Silica + MAO 4.75 
600°C Silica + MAO 2.46 
HMDS Silica + MAO 1.82 
600°C/HMDS Silica+ MAO 0.86 
Table 3: CH/Metal Ratios 
CH/Mg Ratios CH/Al Ratios CH/ Al Ratios CH/AJ Ratios 
Reaction 1390-1370 cm -I 1504-1434 cm -1 
~. 1433-1391 cm Total 
Bare Silica + DBM 0.068 ± .007 
-- -- --
HMDS Silica + DBM 0.017 ± .002 -- -- --
600°C Silica + DBM 0.11 ± .01 -- -- --
600°CIHMDS Silica + DBM 0.086 ± .009 
-- -- --
Bare Silica + TEAL -- 0.351 ± .04 0.139 ± .01 0.490 ± .05 
HMDS Silica + TEAL -- 0.238 ± .02 0.0447 ± .004 0.283 ± .03 
600°C Silica + TEAL -- 0.377 ± .04 0.200 ± .02 0.577 ± .06 
600°CIHMDS Silica + TEAL 
-- 0.282 ± .03 0.0474 ± .005 0.329 ± .03 
Bare Silica + DEAC -- 0.1879 ± .02 0.0962 ± .01 0.284 ± .03 
HMDS Silica + DEAC -- 0.1875 ± .02 0.0679 ± .007 0.255 ± .03 
600°C Silica + DEAC -- 0.226 ± .02 0.1 26 ± .01 0.352 ± .04 
600°CIHMDS Silica + DEAC 
-- 0.309 ± .03 0.108 ± .01 0.417 ± .04 
Bare Silica + EADC 
--
0.0655 ± .007 0.0388 ± .004 0.104 ± .01 
HMDS Silica + EADC -- 0.0562 ± .006 0.0077 ± .0008 0.0639 ± .006 
600°C Silica + EADC 
-- 0.0772 ± .008 0.0512 ± .005 0.128±.01 
600°CIHMDS Silica + EADC 
--
0.0675 ± .007 0.0697 ± .007 0.137 ± .01 
Table 4: Elemental Analysis for Metallocenes* 
Reaction mmol Metal/gm Si02 
Bare Silica +Cp2ZrMe2 0.75 
600°C Silica + Cp2ZrMe2 0.57 
HMDS Silica +Cp2ZrMe2 0.11 
600°C/HMDS Silica + Cp2ZrMe2 0.07 
Bare Silica +Cp2 TiCl2 0.06 
600°C Silica + Cp2 TiCl2 0.04 
HMDS Silica +Cp2 TiCl2 0.01 
600°C/HMDS Silica + Cp2 TiC12 0.01 
Bare Silica +Cp2ZrC12 0.1 5 
600°C Silica + Cp2ZrC12 0.09 
HMDS Silica +Cp2ZrC12 0.04 
600°C/HMDS Silica + Cp2ZrC12 0.03 
Bare Silica +Cp2HfC12 0.21 
600°C Silica + Cp2HfCl2 0.14 
HMDS Silica +Cp2HfC12 0.06 
600°C/HMDS Silica + Cp2HfC12 0.04 
*Metallocene dichloride data received from Blitz et al. 
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Figure 3: Dehydration vs. D ehydroxylation 
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Figure 12: Titanium Tetrachloride Reactions 
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Fig. 27: DEAC Modified 600° C 
Silica 
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Fig. 29: DEAC Modified 
600° C/HM DS Silica 
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Fig. 33: EADC Modified 
600° C/HM DS Silica 
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Figure 34: Triethylaluminum Reactions 
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